The effects of an inflammatory insult on albumin of the rat liver were k t i g a t e d at the cellular level and were correlated with serum albumin concentration. After sc injection of turpenhe, the fivers were perfused and fixed in vivo; d fiver sections were stained using a saeptavidin-AEiC-immunoperoxidase technique with an antibody to rat albumin. Albumin and total protein were measured at intervals after turpentine injection in whole livers and in serum. Fibrinogen was determined in plasma only. Twenty-four hours after turpentine injection serum albumin had dropped by 25% and was at 50% of its initial value at Day 3. Serum fibrinogen increased 2.4-fold within 24 hr and decreased thereafter. fiver homogenates showed no signifcant changes in albumin concentration. Immunohistochemically, all hepatocytes stained posi-
Introduction
Albumin is the major serum protein in mammals. Its site of synthesis is the hepatocyte (1). Albumin synthesis in the single hepatocyte has been studied by various morphological and molecular techniques. In 1964, Hamashima et al. (2) first demonstrated albumin in human liver cells using immunocytochemistry. These authors reported that about 10% of the cells were positive for albumin. Later, it became evident that almost 100% of all hepatocytes are positive for albumin in normal rats when adequate methodology, such as in vivo perfusion-fixation of the liver, was used (3-5), and that albumin synthesis is distributed throughout the liver lobule (6). These findings were verified by in situ hybridization with specific mRNA (7, 8) .
Acute inflammatory diseases are characterized by a depression of serum albumin with simultaneously increased synthesis of total liver protein as an expression of increased production of acute-phase proteins (9-11). There is solid evidence that these changes are brought about in part by an acute switch of the hepatic protein production, with suppression of albumin synthesis and enhanced synthesis of acute-phase proteins (9,12). This concept is supported by the increasing number of acute-phase protein-producing hepatocytes, mainly situated in the periportal zone (13). Although an overall reduction of albumin production in response to inflammatory diseases is well documented for the whole organ, it is not known whether all hepatocytes and all acini within the liver respond in the same way or whether the concept of individual cell recruitment, recently described for individual function in many organs (14, 15) including the liver (16, 17) , is also true for albumin.
In the present study we first established the time course of the albumin-fibrinogen changes in the serum of rats exposed to a standardized inflammatory insult. In additional experiments we investigated the response of the liver to the inflammatory insult at the cellular level by immunohistochemistry for albumin.
Materials and Methods
Male Wistar rats (average body weight 300 g) were kept in a 12-hr light, B W M E R , BALLMER-HOER, KOHLER, STUDER 12-hr dark cycle and were fed a cereal-based normal diet (Nafag AG Gossau, Switzerland) and water ad libidum. Inflammatory reaction was induced by dorsolumbar sc injection of 0.5 ml commercial turpentine per 100 g body weight. Groups of at least five animals were investigated at 6 hr, 12 hr, and 1. 2, 3, and 8 days after turpentine administration, and immunohistochemical studies of the liver were done on Days 1.3, and 8. All animals were sacrificed between 0800 and 1100 hr to eliminate diurnal influences on albumin synthesis.
Determination of Serum Albumin, Total Protein, and Fibrinogen. Venous blood samples were taken from the inferior vena cava after laparotomy and animals were bled thereafter. Serum albumin was determined by the bromcresol purple (BCP) method (18) and total protein by the biuret method (19) . using a Hitachi 705 autoanalyzer at 660 nm. The concentration of fibrinogen was measured as described by Clauss (20) .
Estimate of the Intravascular Half-life of ['251]-albumin. Rat albumin (Calbiochem-Behring Diagnostics; San Diego, CA) was iodinated with I2>I using 1,3,4,6-tetrachlor-3,6-diphenylglycoluril. Free 1251 was separated by a Sephadex G-25 column (2.5 x 18 un). A Portex tube (Laubscher AG; Basel, Switzerland) was inserted into the jugular vein of anesthetized rats and 2 pCi (in a volume of 500 pl) 90% pure ['ZSI]-albumin was injected.
Radioactivity was measured in blood samples of 30 pl, drawn from the tail at intervals up to 72 hr in turpentine-injected animals and controls on Day 3.
Transcapillary escape rate was calculated from the disappearance of label after even distribution.
Preparation of Rat Liver. Animals were anesthetized IP with 3.75 mg sodium pentobarbital (Abboa AG, Zug, Switzerland) per 100 g body weight. After laparotomy, venous blood samples were taken as described and heparin, 500 U1 per 100 g (Hoffmann-LaRoche; Basel, Switzerland), was given intravenously. A 20-gauge (0.06-cm) teflon cannula (Abbott AG) was inserted into the portal vein, and after opening the inferior vena cava the liver was flushed with 60 ml of Ringer solution at a measured hydrostatic pressure of 0.88-1.08 @a and a temperature of 37'C, followed by perfusion with 100 ml of4% formaldehyde (for immunohistochemistry) at 4°C. The flow rate for each solution was more than 15 ml/min. Liver Homogenization. Livers were stored at -20°C. After thawing they were processed in a homogenizer (Potter S; Braun, Melsungen, FRG) at 400 rpm in an equal volume of distilled water and centrifuged for 2 hr at 16,500 rpm (38,000 x g). All steps were performed at 4°C. To eliminate other proteins that could interfere with albumin determination, gel filtration with 200-400 wet meshed agarose beads (Bio-Gel A-5m; Bio-Rad Laboratories, Richmond, CA) was carried out. To standardize the column, a given concentration of purified albumin (Calbiochem-Behring) was filtered through the column. One-ml fractions were collected and subjected to photometric analysis. The recovery was 8688%. The BCP method yielded results in the same range. Supernatants of liver homogenates were treated similarly, and the results of albumin measured after filtration were virtually identical to those obtained without filtration.
Western Blotting. Albumin concentrations in liver homogenates were also determined in turpentine-treated and unueated animals by Western blotting (21) . To detect earlier changes, additional time points after turpentine injection were chosen (6, 12, and 24 hr, and 2, 3, and 8 days). In brief, 100 mg of liver were homogenized in 2 x SDS sample buffer (4% SDS, 125 mM Eis, pH 6.8) and boiled for 10 min. followed by clearing at 10,000 x g for 15 min. The samples were adjusted to equal protein concentration (protein determination by Micro BCA assay, Pierce) and 50 pg per sample were loaded onto 7.5% SDS acrylamide minigels (Bio-Rad). The proteins were transferred to an Immobilon P membrane (Millipore; Bedford, MA), and the albumin was detected with an anti-rat albumin antibody conjugated with alkaline phosphatase in a dilution of 1:250 (The Binding Site; Birmingham, UK). BCIP/NBT (Bio-Rad) were used as substrates to develop blots. Tissue Preparation. After perfusion, liver pieces were post-fixed for 24 hr at 4°C in 4% formaldehyde at pH 7.0, rinsed in tap water for at least 15 min, dehydrated through graded alcohol series, and embedded in paraffin (Paramat extra; BDH, Poole, UK). Serial sections were then cut at 0.5 pm and mounted on slides previously covered with chrome-gelatin.
Immunohistochemical Studies. To demonstrate albumin-positive hepatocytes, a streptavidin-ABC-immunoperoxidase technique was used at room temperature (22, 23) . Sections deparaffhized in xylene and rehydrated in a graded alcohol series were overnight incubated with the unlabeled primary sheep anti-rat albumin antibody (The Binding Site), diluted 1:200 in PBS and Tris-buffered saline (TBS) containing bovine serum albumin (BSA). To inhibit endogenous peroxidase the sections were washed in 3% H202 before incubation.
As a secondary antiserum, biotinylated sheep IgG (Sigma; St Louis, MO) was overlayered for 3 hr, followed by the streptavidin and biotinylated horseradish peroxidase complex (Dako; Glosuup, Denmark). Both reagents were dissolved in PBS and TBS with BSA. Between all steps the sections were washed with PBS. The sections were developed by incubation in diaminobenzidine-H2Oz and the nuclei were counterstained with hematoxylin. Negative controls were similarly processed except for omission of the primary antibody. In a second negative control the primary antibody was absorbed by purified rat albumin (Calbiochem-Behring).
Verification of Liver Perfusion-Fixation as a Prime Requisite for Ac-
curate Immunohistochemical Localization of Albumin. No satisfactory quality of liver histology could be obtained without a proper perfusion-fixation technique (3,4,24). Otherwise, liver structure and cells were fragmented and even in well-maintained areas only part of the hepatocytes of the normal rats were positively stained for albumin. Lack of positive staining was assumed to be caused by leaking of albumin through the damaged and insufficiently fixed cell membrane (4).
Statistical Analysis of Results. The multiple t-test was used. The difference between two group means corresponded to the pooled estimate of variance. According to the Bonferroni method (25) , the new significance level for this experiment with five groups resulted inp<0.0125, by dividing the desired simultaneous significance level of 0.05 by the number of tests (i.e., four).
Results

Response to tbe Inflammatory Insult
All turpentine-injected animals developed an acute illness, characterized by behavioral disturbance and anorexia, which disappeared after 24 hr. By Day 8 all animals showed a subcutaneous abscess.
Serum Concentration of Albumin, Total Protein, and Plasma Fibrinogen A@er Subcutaneous Turpentine Injection
In all rats, serum albumin concentration declined significantly within 24 hr after turpentine administration, with the lowest value on Day 3. The albumin level rose by 30% between Days 3 and 8, comparable to the first phase demonstrated in wound healing (26) . Conversely, fibrinogen increased within 24 hr and gradually fell thereafter. The successive changes of albumin and fibrinogen were significant at a level ofp<0.0125. Serum albumin concentration was significantly reduced at 1, 2, 3, and 8 days after turpentine injection when compared with controls. Although neither albumin nor fibrinogen had returned to control value at Day 8, a trend towards normalization was evident. Serum total protein remained in the same range as that of untreated animals during the whole inflammatory phase. Figure 1 summarizes the course of the alterations of serum albumin and protein and plasma fibrinogen.
Intravascular Half-lzj5 of [lZJI]-albumin
The mean intravascular half-life of iodinated rat albumin was 15.3 hr in control animals (n = 3), whereas the turpentine-injected rats showed a value of 12.5 hr (n = 4). The transcapillary escape rate of [1251]-albumin increased slightly on Day 3, from lO.l%/hr (controls) to 12.2%/hr (p>0.05) in turpentine-treated rats during the first 4 hr after injection of [1251]-albumin. Thereafter, the disappearance of [ 1251]-albumin from the intravascular space was equal in both groups (Figure 2 ).
Albumin Concentration in Liver Homogenates
The concentration of homogenate albumin, measured with BCP, showed no significant changes throughout the entire time course.
The controls had a concentration of 14.9 * 1.2 mg/g liver ( * SD).
On Day 1 after turpentine injection albumin concentration declined to 13.5 2.0, which was not significant. Thereafter the concentrations showed no significant fluctuations (Day 2, 14.4 * 0.7; Day 3, 15.4 * 1.9; and Day 8, 14.0 * 1.3,p>0.05).
The absence of any significant differences in the albumin levels of liver homogenates was confirmed by Western blotting technique. Using this technique, the variation within the various groups was two-to fivefold larger than between the groups. keeping with previous immunohistochemical and in situ hybridization studies which had indicated that all hepatocytes in the normal rat liver are positive for albumin (5,7,27,28), albumin was detected as a brown granular deposit in all hepatocytes ( Figure 3 ). As reported by others (7), albumin localization was not homogeneous in a single cell, but rather appeared in coarse granules in areas rich in sarcoplasmatic reticulum; hepatocytes near to portal fields were slightly less positive for albumin compared with those around the perivenular veins. The negative controls showed a bright cytoplasm without peroxidase-positive intracellular material.
Heterogeneous Architecture of AZbumin-positive Cells Within the Hepatic Acinus During the Inflammatory Reaction
Either 1, 3, or 8 days after subcutaneous injection of turpentine a striking reduction of albumin-positive hepatocytes occurred. There was an impressive heterogeneity in the response of individual cells, with a resulting patchy arrangement of the remaining albumincontaining cells (Figure 4) . At high magnification (Figure 4b) , the albumin-positive hepatocytes appeared to be randomly distributed. In a more global view, the cells in the neighborhood of a portal field were less positively stained for albumin compared with those in a perivenular area (Figures 4a and 4b) . Like "main roads," portal fields were connected with each other by large "ribbons" of albumindeprived cells (Figure 4a ). The distribution of empty hepatocytes did not follow a centripetal direction towards the terminal vein. The pattern resembled rather the microcirculatory acinar concept of hepatic structure according to Rappaport et al. (29) , with the ribbons of albumin-depleted cells corresponding to the circulatory Zone 1, which is situated close to the supplying vessels.
All the changes described here were similar on Days 1, 3, and 8 after turpentine injection. There was no evidence for resumption
Distribution and Frequency of Albumin-positive Hepatocytes in Normal Rat Liver
Normal hepatic acinar structure was well maintained. Large sinusoids along the cell plates and cords were seen after perfusion. In of intracellular albumin accumulation on Days 3 and 8, although the serum albumin values were on the rise at this time. 
Discussion
In the present study we have used the experimental model of turpentine-induced inflammatory disease in the rat to investigate the effects of inflammatory insults on albumin synthesis in individual liver cells. Changes in immunohistochemically stained intracellular albumin were correlated with alterations in serum albumin concentrations. Plasma fibrinogen was used as a marker for the acute-phase reaction.
The study demonstrates a highly heterogeneous reaction of individual hepatocytes to the inflammatory insult. Although albumin became undetectable in the majority of all hepatocytes (Figure 4) within one day after onset of the experimental disease, a still considerable number of liver cells retained their immunostainable albumin. The albumin-positive hepatocytes were scattered all over the liver section with, however, a clearly higher fraction of positive cells in the perivenular than the periportal areas. Therefore, not all hepatocytes react to an inflammatory disease in a uniform way. The concept of functional heterogeneity (30) between the individual cells of a single organ is rapidly gaining interest and may force the reinterpretation of dose-response curves obtained from whole organs or tissue homogenates. A progressive recruitment of individual cells to increasing doses of a stimulating agent has been documented both for the hypothalamic response to osmotic changes (31) and for the thyroid response to thyrotropic hormone (15). In the liver, the individuality of cell response has been recently demonstrated in chick hepatocytes for estrogen-induced synthesis of apo-VLDL I1 (16) and for expression of the malic enzyme gene (17) . Our data suggest that the response of albumin to an inflammatory challenge is a process individually graded in each cell, with a considerable proportion of all cells being partially or totally refractory to the albumin-depleting action of inflammatory mediators. Therefore, although the overall conclusion that inflammation switches off albumin synthesis is undoubtedly true, it is not equally applicable to every hepatocyte. Moreover, the invariably higher number of albumin-depleted cells in periportal fields than in perivenular areas suggests zonal heterogeneity for albumin synthesis. Acutephase reactants have also been shown to exhibit zonal heterogeneity for protein synthesis (13). In a turpentine-induced inflammation, Courtoy et al. (13) studied the immunohistochemical expression of four acute-phase proteins. These authors found that proteinsynthesizing hepatocytes were mainly located in the periportal area in the early inflammatory reaction. Similarly, hepatic functional zonation can be seen in enzyme content and subcellular structures (32) . This type of cell heterogeneity is thought to arise from gradients in oxygen and nutrients. Assuming that an acute-phase mediator (e.g., interleukin-1) switches off albumin synthesis (11, 33, 34) , it can be speculated that a progressive fall in mediator concentration from the afferent portal vein to the terminal hepatic venule would explain the higher number of albumin-depleted cells in the periportal areas, and that this mediator would switch on the production of acute-phase proteins simultaneously.
In contrast to the extensive loss of immunoreactive albumin in a majority of hepatocytes after turpentine injection (see Figure 4 ), we could not detect significant changes in the albumin content of the liver homogenates when measured with BCP. Since it can be speculated that BCP binding to albumin is not sensitive enough to reflect changes in liver homogenates, we applied Western blotting (21) . Again, no differences in albumin levels were detected. This indicates that even Western blotting does not allow the accurate detection of albumin in a liver homogenate. The possibility of the use of an inadequate antibody is unlikely, since we were able to detect 1-2 ng of a rat standard albumin under these conditions. The most likely explanation for our inability to quantitate changes in the albumin fraction of liver homogenates is the presence of a very small percentage of albumin in the immunostainable compartment. Since total albumin only accounts for roughly 1% of a liver homogenate, it is easily conceivable that the sensitive immunocytochemical method reveals rather dramatic changes in a high-tumover compartment whose fluctuations cannot be measured by quantitating the overall small total fraction of intracellular albumin.
It is known that protein synthesis in the liver can be modulated by inflammatory mediators, such as interleukin-l, which are produced in response to an inflammatory reaction (11.35). Albumin synthesis decreases in this situation, while production of acute-phase proteins increases. A variety of other mechanism are considered to contribute to inflammatory hypoalbuminemia (12,36,37) An elevated transcapillary escape rate, including albumin uptake into the vascular endothelium followed by intracellular degradation of albumin, is regarded as an important mechanism inducing the acute fall in serum albumin concentration in inflammatory disease (36, 37) . We have observed only a small increase of transcapillary escape rate from 10.l%/hr (control) to 12.2%/hr in the turpentine-treated animals, which might contribute to the hypoalbuminemia. Despite the short intravascular half-life of the serum albumin in the rat (see Results), this mechanism can contribute only slightly to the acute, severe hypoalbuminemia observed in response to the inflammatory insult. Therefore, the decrease in albumin synthesis reflected by the immunohistochemical findings seems to be the principal regulatory mechanism in the present animal model. Since total serum protein concentration remained constant throughout the experiment, other proteins, such as acute-phase proteins, must have filled the gap resulting from the disappearance of the circulating albumin molecules (9,13). As a representative of this group of serum proteins responsive to injury, we measured fibrinogen. The change in concentration of this protein does indeed inversely follow that of albumin, although with some temporal asynchrony.
The recovery phase after acute onset of experimentally induced inflammation was detected by Day 8, with an increase of serum albumin of 45% and a decrease of plasma fibrinogen of 13%. Although the patchy distribution and the numbers of albumincontaining hepatocytes appeared similar to the initial phase of inflammation, this is compatible with the view that total albumin synthesis may well increase while the high-turnover, immunostainable compartment does not yet rdill. Moreover, redistribution of albumin from endothelium back to intravascular space, as reported by Rothschild et al. (37) , could also contribute to the restoration of normal levels of serum albumin.
In summary, we have demonstrated a differential response of individual hepatocytes to an inflammatory insult. Moreover, albumin synthesis in the liver is switched off in a zonal pattem, following the hepatic architecture of the acinus.
